The nucleotide sequence of the genomic RNA of narcissus mosaic virus (N MV) was deduced from a set of cDNA clones and by direct sequencing of RNA. The genome, with a length of 6955 nucleotides [excluding the 3'poly(A) tail], contains six open reading frames (ORFs) with the capacity to code for polypeptides of more than 1 OK, with Mr values of 186284, 25845, 13998, 11059, 26097 and 10519. The first five of these putative proteins show considerable homology to similar proteins encoded by the RNAs of potato virus X (PVX, 6435 nucleotides) and white clover mosaic virus (WCIMV, 5845 nucleotides). The sixth ORF is completely overlapped by the Mr 26 097 coat protein cistron and has some homology with a similar ORF in WC1MV RNA. The difference in length of the RNAs of NMV, PVX and WCIMV is due to a nonhomologous domain of variable length in the central region of the 5'-proximal ORF of the three viruses.
INTRODUCTION
Narcissus mosaic virus (NMV) is a member of the potexvirus group of plant viruses. Other recently studied members of this group are potato virus X (PVX), white clover mosaic virus (WC1MV), potato aucuba mosaic virus (PAMV) and papaya mosaic virus (PMV) (Koenig & Lesemann, 1978) . The filamentous flexuous rod-shaped particles of the potexviruses (Koenig & Lesemann, 1978) contain a positive-stranded RNA which is capped at its 5' terminus (Sonenberg et al., 1978) and polyadenylated at the 3' terminus (Morozov et al., 1983; AbouHaidar, 1983) . A subgenomic RNA of 0.8 to 1.2 kb, present in infected tissue, was shown to be the messenger for coat protein (Short & Davies, 1983; Guilford & Forster, 1986; Bendena et al., 1987 ; Dolja et al., 1987) , whereas another subgenomic RNA from infected leaf with a size of 2.1 kb possibly serves as a messenger for another potexvirus protein (Guilford & Forster, 1986; Bendena et al., 1987; Dolja et al., 1987) . Upon translation of genomic RNA in vitro a set of related products is synthesized with sizes ranging up to 160000 to 182000 Mr (WodnarFilipowicz et al., 1980; Guilford & Forster, 1986; Bendena & Mackie, 1986; Mackie & Bancroft, 1986) .
Several large clones from the first cDNA bank (clones 24, 29 and 56) were sequenced, and the deduced amino acid sequences of the encoded ORFs were compared to those of PVX (Huisman et aL, 1988) . The homologies found in this comparison suggested that clone 24 was derived from the 5' end of the RNA, possibly missing a number of nucleotides at the extreme 5' terminus, and that clones 29 and 56 were derived from the 3' end, with clone 56 containing the poly(A) tail. Fig. 1 shows a schematic representation of the location of the various clones used for sequencing. Subclones of 24 and 29 used as probes in a colony hybridization showed that this bank did not contain large clones with internal NMV sequences. Therefore, cDNA was made using synthetic DNA primers overlapping the 3' SalI site in clone 24 (nt 2254) and the 5' EcoRI site in clone 29 (nt 5683). After digestion of the cDNA with restriction enzymes SalI and SspI (which cuts at nt 5312) the cDNA was cloned in a vector digested with SalI and in a vector cut with SalI and SmaI. Clones 1 and 17 contained sequences which partially overlapped with 29 and 24, respectively, while 3 partially overlapped with 1. Because of the SalI site at nt 3354, clone 3 does not overlap with clone 17. However, the deduced amino acid sequence in this region of the NMV genome, bearing extensive homology to the corresponding protein in PVX and WCIMV, indicates that fitting the sequences of clones 17 and 3 together at their SalI sites is most probably correct.
A total of 50~ of the sequence was deduced from both strands of the cloned cDNA. Only four nucleotide differences were found in the 35~/o of the sequence that was elucidated from overlapping regions of different clones (T at nt 2277, C at nt 5197, C at nt 5659 and G at nt 5982).
To elucidate the sequence of the 5'-terminal approx. 150 nucleotides of NMV RNA not present in clone 24, a synthetic DNA primer complementary to a portion at the 5' end of the deduced nucleotide sequence was annealed to NMV RNA and extended with reverse transcriptase in the presence of dideoxynucleotides. This resulted in an unambiguous determination of the sequence apart from the extreme 5' end. Because of a lack of discrimination in the sequencing gels the 5'-terminal five nucleotides could not be determined unambiguously and are written as NNNNN in Fig. 2 . By analogy to PVX, WC1MV and PMV this 5'-terminal sequence is probably GAAAA.
In Fig 269 acid sequences, of the six largest ORFs is presented. The sequence contains 6955 nucleotides and a poly(A) tail at the 3' end. This makes NMV RNA 520 nucleotides longer than PVX RNA and 1110 nucleotides longer than WC1MV RNA, and agrees with the lower mobility of NMV RNA when compared to PVX RNA in agarose gel electrophoresis (results not shown).
Coding capacity of NMV RNA
The first AUG codon at nt 81 is the start of a large ORF (ORF 1) that ends at the UGA nonsense codon at nt 5010. The encoded putative protein has an Mr value of 186 284 (186K). The next ORF (ORF 2) encoding an Mr 25845 (26K) protein starts at nt 5014 and ends at nt 5713. This makes the intercistronic region between the first two ORFs four nucleotides long. Partly overlapping with the 26K cistron, ORF 3, encoding an Mr 13998 (14K) protein, begins at nt 5690 and ends at nt 6080. A cistron encoding an Mr 11059 (11K) protein (ORF 4) lies between nt 5841 and 6141. The fifth ORF (ORF 5), encoding an Mr 26097 protein, is located between nt 6193 and 6913 and completely covers ORF 6 in another reading frame, encoding an Mr 10519 (10K) protein, which starts at nt 6296 and ends at nt 6578. There are no other ORFs in the positive strand or in the negative strand that could encode proteins larger than 10K. The 3'-terminal non-coding region is only 43 nucleotides long and is followed by a poly(A) tail.
Homologies of putative NMV proteins to proteins of other plant viruses
When comparing the amino acid sequences of NMV-encoded proteins to those of PVX and WC1MV, extended homologies become apparent. Not only is the genome organization of all three potexviruses identical, but also the relative positions of the different cistrons are remarkably similar. There is a small intercistronic region between ORFs 1 and 2. ORF 3 overlaps with both ORF 2 and ORF 4 in all three viruses, while again there is a small intercistronic region between ORF 4 and 5. By analogy with PVX, WC1MV, PAMV and PMV this Y-terminal ORF encodes the coat protein. The 10K ORF of NMV does not have a counterpart in the PVX genome. However, in WC1MV RNA a relatively large ORF coding for a putative 7K protein is present in the + 1 frame within the coat protein cistron (Fig. 3) .
The 186K ORF of NMV is considerably larger than the 166K cistron of PVX and the 147K cistron of WCIMV. A comparison of the amino acid sequences of these three proteins shows that the N-terminal approx. 400 amino acid residues and the C-terminal approx. 800 residues are highly conserved, whereas the internal region of approximately 40 non-homologous amino acids in WC1MV is increased to about 175 in PVX and 350 in NMV. The difference in length of the three potexvirus RNAs can be attributed almost entirely to these different size ORF 1 products. As was already found for PVX and WC1MV, this large ORF contains two different consensus sequences (Cornelissen & van Vloten-Doting, 1988) . The nucleoside triphosphate (NTP)-binding motif GXXGXGK s is present at the beginning of the C-terminal homologous region in all three proteins (asterisk in Fig. 3 ), while the GDD motif representing the RNA-dependent RNA polymerase consensus sequence is present at the end of this ORF 1 cistron (arrow in Fig. 3 ).
The percentage of homologous amino acid residues in the protein sequences of the three potexviruses is given in Table 1 . Homologies are highest in ORF 1-encoded proteins (60 to 70~) and are somewhat lower in the proteins encoded by ORFs 2 to 5 (40 to 60~). An NTP-binding ~70 990 
UUAGAI/UCGU at UAGUIIUCAUAC GUUCUUCU AGGUC GUUUUC GUC ACC C AU C AUUAUCCAC 5080 8070 5090 (Huisman et aL, 1988) and WC1MV (Forster et al., 1988) , furovirus BNYVV (genome divided over RNAs 1 to 4; Bouzoubaa et al., 1985 Bouzoubaa et al., , 1986 Bouzoubaa et al., , 1987 and hordeivirus BSMV (genome divided over RNAs c~, fl, 7; Gustafson & Armour, 1986; Gustafson et al., 1987) (Bouzoubaa et al., 1986) . * Corresponding proteins of different potexviruses were compared with the program GAP (Genetics Computer Group) which calculates a homology percentage on the basis of identical and chemically similar amino acid residues in an optimal alignment of two sequences.
CCUUACACCAC CGAUCCUAAAGGAGUAGUC ~UGGC CC A CGAAC A AG AAGUC AUC AACUUG
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t Proteins were named according to the corresponding NMV proteins. CP, coat protein; 186K N, first 400 residues of 186K protein; 186K C, last 800 residues of 186K protein.
consensus sequence similar to that present in O R F 1 is found in the N-terminal part of the 26K cistron of NMV, as is the case for PVX and WC1MV. The approx. 5 0~ homology between the coat proteins of NMV, PVX and WC1MV is also found when the comparison is extended to potexvirus RNAs that have been partially sequenced ( Table 1) .
The value of 35 ~o homology found when the O R F 6 1 OK protein of N M V was compared to the ORF 6 7K protein of WC1MV is close to the background value of approx. 3 0~ found when unrelated sequences are compared with this program (GAP). However, this low homology is caused by a stretch of 11 predominantly hydrophobic amino acid residues present in both proteins at the same distance from the N terminus and encoded in a region of the genome where the coat protein-coding sequences are not homologous (Fig. 4) .
The homologies found between proteins of PVX and WCIMV with proteins encoded by other plant viruses Forster et al., 1988) are also present when N M V proteins are analysed. Homologies exist between NMV 26K protein and the barley stripe mosaic virus (BSMV) 58K (Gustafson & Armour, 1986) were introduced to maximize the alignment. The number of nucleotides between the last nucleotide of the alignment and the AUG start triplet of the ORF is given. Identical nucleotide residues are framed. (Bouzoubaa et al., 1986) proteins. A schematic representation of these homologies is presented in Fig. 3 . Furthermore, the homologies existing between PVX and PAMV 8K proteins, WC1MV 7K protein and BNYVV 25K protein, encoded in BNYVV RNA 3 (Bouzoubaa et al., 1985; Forster et al., 1988) , were also present in the NMV 11K protein.
Homologies between nucleotide sequences of potexvirus RNAs
The homologies observed in the nucleotide sequences 5' of the initiation codons for the coat proteins of PVX, PAMV (Dolja et al., 1987) and WC1MV and for the WC1MV 26K protein (Forster et al., 1988) are also present in front of the start signal for the NMV coat and 26K proteins. Similar sequences of PVX 26K (Huisman et al., 1988) and PMV coat protein (AbouHaidar, 1988) are also included in the alignment in Fig. 5 . The G residues underlined in the sequence in front of the PVX coat protein cistron were found to be the cap site of the subgenomic RNA present in PVX-infected tissue (Dolja et al., 1987) . The AC(C)G sequence that all these leader sequences have in common is the last one in front of the translational start codon. No obvious homologies were present with other potexvirus leader sequences between such an AC(C)G sequence and the initiation triplet.
The 5'-terminal sequence of NMV RNA has few G and U residues and can be folded in a stable secondary structure (results not shown). The Y-terminal sequences of the other potexviruses are also poor in G and U residues.
Two partly overlapping AAUAAA boxes are present just in front of the 3' poly(A) tail (nt 6934 and 6939). In WC1MV RNA such a sequence is found 13 nucleotides upstream of the poly(A) tail (Forster et al., 1988) . In PVX and PAMV, AAUAAA boxes are present at the end of the RNA with their AAA portions as the first A residues of the poly(A) tail (Huisman et al., 1988; Bundin et al., 1986) .
DISCUSSION
Although it was not possible to determine the sequence at the 5' end of NMV RNA unambiguously, the fact that WC1MV, PVX and PMV RNA all contain GAAAA as first nucleotides suggests that NMV RNA may also start with this pentamer. Nonetheless, this nucleotide sequence enabled us to compare these different members of one virus group. Despite all the similarities between the three viruses, some striking differences do exist. First, there is the difference in the size of the genomes. Whereas PVX RNA appears to be approx. 10~o longer than WC1MV RNA, NMV RNA is almost 20~ longer. Most of this extra length is attributable to an increase in the size of the putative replicase protein, thereby conserving the blocks of 400 N-terminal and 800 C-terminal amino acid residues which are homologous between the three potexviruses. It will be interesting to see whether these different domains also yield a functional enzyme (complex) when provided in trans. The occurrence of separated functional replicase domains can be found in the groups of the tricornaviruses and probably the hordeiviruses, where RNA l-and RNA 2-encoded proteins are involved in replication, and in the groups of the tobamo-and tobraviruses, where translational readthrough separates functional replicase domains over two proteins (see review by Cornelissen & van Vloten-Doting, 1988) .
A second difference between NMV, WC1MV and PVX is the ORF within the coat protein cistron. Because of its relatively small size, Forster et al. (1988) , in their paper on the WClMV sequence, overlooked the ORF encoding a putative 7K protein within the coat protein cistron. Nevertheless, in the NMV genome an ORF encoding a putative 10K protein occurs in a similar position (see Fig. 4 ). Both putative proteins contain two small stretches of homology. The Cterminal stretch is encoded by a region of the genome in which homologous coat protein sequences are also encoded (Fig. 4, hatched area) . However, the hydrophobic block of 11 amino acids present at a similar position relative to the N terminus in both proteins is not inevitably conserved because of a homology in the coat protein cistrons (Fig. 4, cross-hatched area) . Also, BNYVV and BSMV contain three ORFs for relatively small (< 17K) proteins, and it cannot be excluded that (some) potexviruses resemble furo-and hordeiviruses in this respect.
It seems reasonable to expect that the large 186K protein with its replicase and NTP-binding site consensus sequences is involved in the replication of NMV RNA, and that the T-terminal ORF is the cistron for coat protein. Although conserved homologies of the other putative potexvirus proteins have been indicated Forster et al., 1988; Huisman et al., 1988) one can still only speculate about their function.
Since NMV coat protein mRNA is encapsidated (Short & Davies, 1983; Mackie & Bancroft, 1986) , in contrast to most other potexvirus subgenomic RNAs (Bendena & Mackie, 1986) , one could argue that the initiation site for encapsidation, in potexvirus RNA proposed to be present at the 5" terminus (AbouHaidar & Bancroft, 1978; AbouHaidar, 1981) , has a structural equivalent at the 5' end of the subgenomic NMV coat protein messenger. However, there is no direct nucleotide sequence homology between the 5' termini of genomic and putative subgenomic NMV RNA, and neither is there a structural homology, although both termini contain some secondary structure (results not shown). Another possibility is that the nucleation site in NMV RNA is present in the T-terminal region of the genome as in the case of tobacco mosaic virus where the assembly site in the cowpea strain is present within the coat protein cistron (Fukuda et al., 1980) . The homologous nucleotide sequences upstream of potexvirus coat and 26K protein cistrons resemble similar homologous regions preceding tobravirus cistrons (Cornelissen et al., 1986) . The absence of these putative homologous promoters in front of the other potexvirus ORFs is possibly related to differences in expression. It has been suggested that the most abundant 2.1 kb and 0-8 to l-0 kb subgenomic RNAs in infected tissue are the messengers for the 26K and coat proteins, respectively (Huisman et al., 1988) .
Whether the AAUAAA boxes present at the 3' termini of most potexvirus RNAs have a function in the replication of the virus remains to be elucidated.
This work was sponsored in part by the Foundation of Technical Sciences with financial aid from the Netherlands Organization for the Advancement of Pure Research.
